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Neutron interaction with matter /’\

e Properties of the neutron
e Mass m,=1.675x 107 kg
e Charge 0
e Spin-1/2, magnetic moment u, =-1.913 u,

e Neutrons interact with...

Nucleus
Crystal structure/excitations (eg. phonons)

Unpaired e via dipole scattering
Magnetic structure/excitations (eg. spin waves)

/
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Wavelength-energy relations /‘\

e Neutron as a wave ...
Energy (E), velocity (v), wavenumber (k), wavelength (\)

m\NV 2w
oo
P S (m)z ~ 81.81meV- A’
- - - 2
2m, 2m \ A A Ny

E =k,T=(0.08617meV -K™"')T

A\ ~ interatomic spacing > E ~ excitations in condensed matter

Cold 0.1-10 1-120 4 - 30
Thermal 5-100 60 — 1000 1-4
Hot 100 — 500 1000 — 6000 0.4 -1
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Dynamical (time) scales
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Inelastic scattering A

e Scattering process that changes the energy of the neutron

Scattering in which exchange of energy and
momentum between the incident neutron and
the sample causes both the direction and the
magnitude of the neutron’s wave vector to

change.

Conservation of energy and momentum
ho=E -E, Q=k, -k,
Scattering triangle

inelastic scattering

Qdetector

Elastic scattering

haw =0
20 . ‘ki‘=‘kf‘
Q =2k sin6

diffraction
ho=0

Q:ki'kf
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Inelastic scattering A

Scattering process that changes the energy of the neutron

Scattering in which exchange of energy and
momentum between the incident neutron and
the sample causes both the direction and the
magnitude of the neutron’s wave vector to

change.

Conservation of energy and momentum
ho=E -E, Q=k, -k,
Scattering triangle

inelastic scattering

G?detector

Inelastic scattering
how >0
k| =k

/|
Q° =k; +k; —2kk, cos26

excitation
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Nuclear correlation functions A

r Foree
Pair correlation function
G(r,f) = % J Yo(r'—R,©@)(r'+r -R,(1))dr'  Ry(0)
Ji RJ(t)

Intermediate function

O
1(Q,1) = fG(l'J)eiQ'rdr = %Eexp(—iQ ' Rj,(()))exp(iQ ' Rj(f))

J'

Differential scattering
cross-section

1 —7 t d2 k
S(Q,(D) = — I(Q,t)e 1 dt O — Oscat f NS W
2h J dQdE, ~ 4x F, Q)

l

Scattering function
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Nuclear (lattice) excitations /'\

Neutron scattering measures simultaneously the wavevector and
energy of collective excitations - dispersion relation, w(q)
In addition, local excitations can of course be observed

e Commonly studied excitations
Phonons
Librations and vibrations in molecules
Diffusion
Collective modes in glasses and liquids

e Excitations can tell us about
Interatomic potentials & bonding
Phase transitions & critical phenomena (soft modes)
Fluid dynamics
Momentum distributions & superfluids (eg. He)
Interactions (eg. electron-phonon coupling)

April 6, 2009 Phys 590 9



Atomic diffusion
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For long times compared to the collision time, atom diffuses

o
O

O
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O
O

O
OOOD
<r2(t)> ~ 6Dt

O
O

R;(t)
o)
Auto-correlation function
-3/2 7
G.(r,t) ={67{r*(t S —
(1.) {7’7<’"()>} CXPp 6<r2(t)>
DO’
w2+(DQ2)2
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Diatomic molecule A

.\/\iﬁ(}w RO=-5-40 h ot Ao
J u(t) = [ae " +a'‘e 0]
-d/2-u; d/2+uy(t) R@O=75+u® 2Maw,
S(0.0) = —— f dte” ’“”E<exp(—iQR +(0))exp(iOR j(l‘))>
J'
B ioor [ 0% (u(0)u(1) 0 (u(0u(n))
S(Q.w) = f dre™ | ™) 4 cos(Qd)e ]
SHO correlation ) h
. = coth(zw
functions () 2Mw, ()
w, e’ -1 e’ -1 2Mw, sinh(fiw,B/2)
- 103 1
e’ = VT (y)e™ = csch| —hw
E () = M, (2 0/3)
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Diatomic molecule A

Q0

S(0.0) = %e‘Q2<”2>ehwﬂ/2 Y1+ =1 cos(Qd) |1, () 8w - nav,)

n=-—0oo

e g L )
Y ‘ Y )

Debye- Detailed Form  Excitation
Structure factor
Waller balance factor energy

Small-amplitude approximation, y small

1 -0 0’ 1 1
S(Q,w) =—e ) [1 + cos(Qd)](S(a)) + [1 - cos(Qd)] —x—+n(w,) |60 Fw,)|+ ...
h 2Mw, 272
\ Y ) \ Y ) N
Elastic scattering One quantum Multi-quanta
S(Qw)
Structure
Factor
Detailed
n=even n=odd balance
BEN /s N VRN s D VRN
\ / \ / \ \ / /
A ¥ X Y
/ \ /7 \ /7 \ 7\
pd N / \ 7 N 7 \ o . I
—2mg -0 ®»=0 Q) 20
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Molecular vibrations

e Large molecule, many normal modes
e Harmonic vibrations can determine interatomic potentials

8 \ Ceo
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Energy transfer (meV)

C60 molecule
Prassides et al., Nature 354, 462 (1991).
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Phonons /‘\

v(THz)

e Normal modes in periodic crystal - wavevector
1 Ve
u(l,t)=— ) €.(q)expliq-1)B(q/,?
(L,1) W% J(q) p(iq-1)B(qj.?)

e Energy of phonon depends on q and polarization

W FCC structure
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Phonon intensities A
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Structure (polarization) factor
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More complicated structures
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KBr 90°K
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Spin correlation functions A

5;(0)
7 7

=y mer @] 30, -0.0,) 3 S [ (s50)5%0)

5j(t)

dQdE, k|2 < <
Scattering Dipole Spin-spin
cross-section interaction correlation function
d20' kf[l ]2 A how | kT -1 1
=L |=yrgF S . - 1-e" Im{ v (Q,
dQdE,| k2" © Eﬁ( = 0.0, ) . *” Qo)

The cross-section is proportional to the magnetic susceptibility,
l.e. it is the response of the system to spatially & time varying magnetic field
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Spin excitations /'\

e Spin excitations
Spin waves in ordered magnets
Paramagnetic & quantum spin fluctuations
Crystal-field & spin-orbit excitations

e Magnetic inelastic scattering can tell us about
Exchange interactions
Single-ion and exchange anisotropy (determine Hamiltonian)
Phase transitions & critical phenomena
Quantum critical scaling of magnetic fluctuations
Other electronic energy scales (eg. CF & SO)
Interactions (eg. spin-phonon coupling)

April 6, 2009 Phys 590 18
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Paramagnetic scattering A

(S787)=0(j=J)

Single ion scattering 2 2
<S§(0)Sj.(t)> = <(Sj) >e‘” _ §<(S]) >e_r; _ %S(S s l)e‘“

o , ) 12 —
Im{X (0,(1))} _ g S(S + I)MB l I | B-Cerium !
Thw 3k,T  7wTI*+ (ha))2 o |
N%* 8l |
1S
Inverse width, 1/T,, gives relaxation time £ ¢/
Note crystal field excitation é j
£ 4
R , [- il ’ 4
1 { “(0 a))} °S(S + Hu: | |
Xo = f “ dw = g5+ Dy % 30 20 40 0 1020 30 40
o Thao 3k B T Energy Transfer (meV)

McQueeney et al., Phil. Mag. B 81, 675 (2001).
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Spin waves
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— _ . Linear spin wave theor
> §°=S S (1) = Nze’Q'Rfsg(r)
Heisenberg Hamiltonian §*=8"+i§ a

(S5 ©)85) ={S;0)8;0)

For a simple ferromagnet

(S;00S:(1)) = fv (1=t gotar

d*o | Ay k 1 S
deE 5(1+Q )k lz &% (Q)} _ g kT E(S Q-q- T) (a’ (U(Q))

TYYYYIIYYYYY

Linear spin waves

April 6, 2009 Phys 590
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Spin waves
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Ferromagnetic
M Ir‘ )I( M R I X R
100 [ La,,Pb, ,MnO, -1
T=10K
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Perring et al., Phys. Rev. Lett. 77, 711 (1996).

Antiferromagnetic
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Shapiro et al., Phys. Rev. B 10, 2014 (1974).
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McQueeney et al., Phys. Rev. Lett. 99, 246401 (2007).
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Scattering experiments
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Q-kk,

Instrument and sample (powder or
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Triple-axis instruments A
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High flux isotope reactor - ORNL HB-1A 3-axis spectrometer

9 Single-crystal monochromator
Reactor o
‘ Single crystal
Collimator : anolyzer ihili
Collimator (on the o Hardware flexibility
second arm) 9
A -
ol one o Constant-Q (or E) scans
first arm) @ |dea||y suited for Single'XtaIS
S ® Third arm
ample
(single crystal) k, BF5 Counter
9
April 6, 2009
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Time-of-flight methods A

o Hardware inflexible
o Effective for powders

o Complicated Q,E-scans a
challenge for single-xtals

Spallation neutron source Pharos — Lujan Center

detector banks Detector

velocity Sample

selector

Distance

ki Fermi chopper

=

April 6, 2009 Phys 590 Time 24



INS data
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e Intensities as a function of Q and w
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Lynn, et al., Phys. Rev. B 8, 3493 (1973).
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Reciprocal space A
Q=k, -k,
ho=E -E, S  u .
Momentum/energy transferred to sample 0
q=Q-7
Wavevector in 1st ¢ s
Brillouin zone
A . .
M - 2

Scattering triangle

Phys 590

FCC Berillouin zone
26
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Kinematic limitations
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e Many combinations of k;,k; for same Q,w
Only certain configurations are used (eg. E.fixed)

e Cannot “close triangle” for certain Q,w

due to kinematics

120

a

______ 80

ki 60

k. kf 40

> > = 20
—_—

Q 0

Minimum accessible Q

LaFeO5 (G-type)

012 3456 012 3 45 6
Momentum Transfer (A™)

Kinematic limits, E=160 meV

April 6, 2009 Phys 590
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Triple-axis instruments /‘\

e Workhorse INS instrument
k., k: defined by Bragg scattering

Reactor

Sample goniometer
Detector
Resolution/collimators

Collimator

April 6, 2009

Collimat
first arm)

Sample
(single crystal)

Single-crystal monochromator

Collimator (on the 6,
second arm)

HB-1A 3-axis spectrometer

Single crystal
analyzer

6,

k; BF, Counter
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Samples /'\M

e Samples need to be BIG
e ~gram or cc
o Counting times are long (mins/pt)

Co-aligned CaFe,As, crystals
e Sample rotation

e Sample tilt

April 6, 2009 Phys 590 29



Monochromators /‘\

e Selects the incident wavevector

27T :
\ /4 O(hkl) = JOKD =2k, sin0

l Q(hkl) . |N8(; X k ~' T8 ;’ R

% Cu(200) Reflection, <

e Reflectivity

e focusing PG(002)  3.353 General
e high-order contamination Be(002) 1.790 High k
eg. M2 PG(004) Si(111) 3.135 No A/2

April 6, 2009 Phys 590 30



Detectors /'\M

e Gas Detectors

e n+3He 2 3H +p +0.764 MeV
e lonization of gas

e e drift to high voltage anode

e High efficiency

Neutron Kinetic Energy [meV]

10° 107 10 1
T l"""L‘e&H;" q T
S ol

e s e S .

G PHe (noph M

20H oo :
' Detector Depth = 1.5 ¢cm)

e Beam monitors

e Low efficiency detectors for
measuring beam flux

2 4 6 8 10
Neutron Wavelength [AJ
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Other triple-axis stuff

e Soller Collimators
Define beam divergence

Q,w resolution function
e Filters
Xtal Sapphire: fast neutron background . ;[ [
Poly Be: low-energy (5 meV) band pass =0/
- . : £ 05 R i ... 8" polycrystalline Be at SOK |
PG: higher order contamination S0l "~ fingl crysal Bi at $OK. | -
= - = combined Be + Bi at SOK
® MaSks sapphire 10cm transmission 0'3-_ ,'l )
. ey e 0.2 7
Beam definition Y ]
Background reduction - g \\ 0047 11;3 .liigl(i';‘sl;lsl)‘1;)‘111‘113'113‘114‘1lsl116'17
£ ; A A)
1
y

= T T T T T T T
OF0:58 1 TP SERSE G584 4 SIS

April 6, 2009
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PG filter /A
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e Magic numbers

Best filter for rejection of A/2 contamination
E.=13.7,14.7, 30.5, 41 meV

I
] (X)D: 5 10 15 20 25 30 35 40 4% 50 - 100
= N
PG 4cm transmission e 5
- \ .
B ’% —
i EE ‘
_ 10k X . o= 10
éf. - ':“ " '¢' \ ' 7E )é E
s ' \ X K L
= f | ﬁx d S ;
A AN I
E - | ** M ; . -
g ,ﬁ’jg g - PG Filer Transmission
1.0k 4% L g 5 cm Thick —-; 1.0
: I * —e—2m ]
. ak me=¥--- N2ME)
- ik —0— = WIOE)
0 T - T T T T — : : =
ey bl l , '
wavelength(A) 0.1 X1: . 0.1
0 5 0 15 20 25 30 35 40 45 50
Energy (meV)
April 6, 2009
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Sample environment A

e Heavy duty for large
sample environment

o CCR
o He cryostats
o SC magnets

April 6, 2009 Phys 590



Acquiring data
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e Detailed balance
e Constant-Q scans
e Most common
e Constant-o scans 0_

[} 15 v T T T T T T v T v T T I
e Energy gain, energy loss % e oo
o | ol R ~ 150K
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e Used for steep dispersions

v(THz)
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Constant-o scans
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April 6, 2009 Phys 590

36



Constant-Q scans A
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Configurations /'\

e E;-fixed mode
Mono moves during w-scan

Beam monitor accounts for
variations in incident flux

e E.-fixed mode

Analyzer moves during w-scan Fixed-E; mode

Useful for expts requiring Api 2003 PG(002) Monochromator

low background
. . : f”.. 40-40"

Analysis more complicated ;“-”

e Magic numbers e

A2 contamination
E orE;=13.7,14.7, 30.5, 41 meV

5000 [

Monitor Rate (Counts/sec)
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Spurions /‘\

e Bragg — incoherent — Bragg
o Eg. k — 2k;
hw =41.1 meV

E.=13.7 meV
E,=54.8 meV
4E.= 54.8 meV

Incoherent elastic scattering
visible from analyzer A/2 0 20 40 60 80 100

] Energy Transfer (meV)
e incoherent — Bragg — Bragg

o Sample 20 in Bragg condition for kek;

o Even for inelastic config, weak incoherent from mono

2]
o
o
o
A
V)
-
(-
)
Q
@)
C
g
)
o
Z

o

April 6, 2009 Phys 590 39



Resolution /'\

e Resolution ellipsoid
Beam divergences
Collimations/distances
Crystal mosaics/sizes/angles

ay (A1) - ax (A1)

e Resolution convolutions

1(Qy.0,) = [ S(Qy,0,)RQ - Q.0 - 0,)dQdw
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Resolution effects

/A
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Resolution focusing /’\

e Optimizing peak intensity
e Match slope of resolution to dispersion

.

—

-1/2 -q 0 q 172

Energy
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Time-of-flight methods

/A
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Spallation neutron source

Pharos — Lujan Center

detector banks

velocity .

selector . ;
\ Scattere
/ neutrons
sample |

=

Phys 590
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Distance

Effectively utilizes time
structure of pulsed
neutron groups

Detector

Sample

ki Fermi chopper
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TOF vs. 3-axis

/A

AMES LABORATORY

epithermal (up to 2 eV)
Total spectra (esp. powder

samples)

Absolute normalization
Low-dimensional systems
Hardware inflexible
Software intensive

40

30

N
o

Energy Transfer (meV)
o

-10
April 6, 2009

Momentum Transfer (A1)

High flux of thermal neutrons
Focused studies in Q,w (soft

modes, gaps, etc.)

Three-dimensional systems

Hardware intensive
Software inflexible

20
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100 |
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| |TA phonon linewicth

05F

=

T K
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Fermi Choppers /‘\

Kofor

e Body radius ~5cm

e Curved absorbing slats
o B or Gd coated
e ~mm slit size

e f=600 Hz (max)
e Acts like shutter, At ~ us

p

Dlits and slafe —

Sl package dowel pins
Figure 1. ISIS MAPS chopper and slit package assembly — exploded view

aaaaa

,,,,,,,,,,,
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Position sensitive detectors /‘\

e 3He tubes (usu. 1 meter)
e Charge division

e Position resolution ~ cm
e Time resolution ~ 10 ns
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T-zero chopper

/A
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e Background suppression
e Blocks fast neutron flash
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Guides /‘\

e Transport beam over long distances
e Background reduction
e Total external reflection

o Ni coated glass
o Ni/Ti multilayers (supermirror)
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Size matters /'\

QUOIA detector
vacuum vessel

0P
L

e Length = resolution
Instruments ~ 20 — 40 m long
E-resolution ~ 2-4% E,

e More detectors

SEQUOIA — 1600 tubes, 144000 pixels
Solid angle coverage 1.6 steradians

e Huge data sets
e 0.1-1GB
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Data visualization

Large, complex data from spallation sources

Measure S(Q,w) — 4D function @ o Taontn,
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Absolute normalization A

_i.._ 10 II( I ' [ [ ' [ ' I
- Experiment ®  Ei=450 meV Simulations|

e Absolute normalization 70001~ 1 [y By

Using incoherent scattering
from vanadium

o/4rxt = 404 mbarns/Sr
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Inelastic x-ray scattering /‘\M

biezo  PicOMmotor
e EI=20 keV, need 1 meV resolution o[ [y
"dcrysta <
e AE/E.~ 1071
analyzer beam [/ 3 crystal
4 > :
10¢y,, J&B/
m,‘ " mm 4herysta  Aiicial channel-cut
- 13 - 25 keV
undulator
X o : in-line
3 loma”a/yz simp mirror monochromator
*rarm Sector-3, APS

Mt ™
¢-scan of monochromator | ¥
1 meV = urad

T-scan of monochromator
1 meV = 0.02 K
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/A

Kinematics

e Essentially elastic scattering

e No kinematic limits v
0 liquid
vneutron
Q =2k, sin0 _ \
ho = he(k. = k thermal N\
( : f ) neutrons \\\
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IXS vs. INS A

e SAMPLE SIZE wo
' 525% ® Neutron (E=13.7 meV)]
250 | 500

200 % © Xeray (B=2166keV)
100% %é %}ﬁ? %ﬁ g}ﬁ

8

N w
8 8
S000L /SN0 UOANEN

e 5o£ %gg %ﬁﬁ %Eﬁﬂﬁ 100
o- ! % o e 0
0 20 40 60 80 100
Energy Transfer (meV)
.IXS 1 —
. . i Fe,O,
Simple scattering geometry (k=k;) ol | 4400 |
. . . e neutron
Resolution function simpler A phonon o xray |

(most angles fixed, E-scans only)

Counts (arb. units)

0.2:— [ % agron —
%ﬁ%% -

0.0

No spurions
(high-order refs. keV, no incoherent scat.

N
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Energy Transfer (meV)

Can only do lattice excitations
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